orce-initiated signal transduction can occur either via membrane-based ionic mechanisms or through changes in cytoskeletal-matrix linkages. We report here the stretch-dependent binding of cytoplasmic proteins to Triton X-100 cytoskeletons of L-929 cells grown on collagen-coated silicone. Triton X-100-insoluble cytoskeletons were stretched by 10% and incubated with biotinylated cytoplasmic proteins. Analysis with two-dimensional gel electrophoresis showed stretch-dependent binding of more than 10 cytoplasmic protein spots. Bound cytoplasmic proteins were F purified by a photocleavable biotin tag and stretch-dependent binding of paxillin, focal adhesion kinase, and p130Cas was found, whereas the binding of vinculin was unchanged and actin binding decreased with stretch. Paxillin binding upon stretch was morphologically and biochemically similar in vitro and in vivo, that is, enhanced in the periphery and inhibited by the tyrosine phosphatase inhibitor, phenylarsine oxide. Thus, we suggest that transduction of matrix forces occurs through force-dependent conformation changes in the integrated cytoskeleton.
Introduction
There is a critical role for force in controlling cell signal pathways (Chen et al., 1997) , development (Grill et al., 2001) , wound healing (Timmenga et al., 1991) , and in the control of cell growth (Damien et al., 2000) that is lost in many cancers (Saiga et al., 1989) . At a molecular level, there is evidence that calcium movements (Wirtz and Dobbs, 1990; Pommerenke et al., 1996; Glogauer et al., 1998; Okuda et al., 1999) or alterations in ion gating (Drummond et al., 2000) trigger cell responses. To sense sustained forces, cells may use mechanisms other than ion channels such as force-dependent changes in the cell cytoskeleton. Recent studies using matrix-coated beads and patterned substrata indicate that force is transduced at the site of matrix-cell contact into changes in the strength of integrin-cytoskeleton bonds and the assembly of focal contact proteins (Wang et al., 1993; Choquet et al., 1997; Balaban et al., 2001 ) that is affected by the tyrosine kinase, c-Src (Felsenfeld et al., 1999) . Two major hypotheses for the assembly of proteins at focal contact sites involve either an (a) local change in the ionic environment or (b) cytoskeletal alteration in response to force. To differentiate between these possibilities, we have prepared detergent-insoluble cytoskeletons of spread cells before stretching, which lack a surrounding membrane and therefore could not be affected by ion movements. Previous reports have shown that purified cytoskeletal proteins can bind to isolated focal adhesion models (Avnur et al., 1983; Ball et al., 1986; Cattelino et al., 1999) , suggesting that interactions can be observed in vitro. We show here that stretching the cytoskeletons alone causes the binding of focal contact proteins.
Results and discussion
To test whether or not the stretching of cytoskeletons could lead to cytoplasmic protein binding, we designed a protocol to screen for cytoplasmic proteins that bound in a stretchdependent manner to Triton X-100-insoluble cytoskeletons (see Materials and methods and Fig. 1) . Treatment with 0.25% Triton X-100 released most cytoplasmic and membrane proteins including the majority of focal contact proteins, paxillin, focal adhesion kinase (FAK),* p130Cas, and vinculin (unpublished data); but the cytoskeleton stayed attached to the collagen-coated silicone substrate during biaxial stretch of 10% as measured by changes in the dimensions of rhodamine-phalloidin-labeled cytoskeletons. Cytoplasmic proteins were biotinylated (see Materials and methods) to differentiate them from the Triton X-100-insoluble cytoskeleton proteins. To control for general effects of mechanical disturbance and the traction forces normally generated under routine culture conditions (Galbraith and Sheetz, 1999; Horwitz and Parsons, 1999) , we compared binding of cytoplasmic proteins to cytoskeletons after stretch with binding after relaxation (cells were incubated overnight on a prestretched substratum [Sawada et al., 2001] , treated with Triton X-100, and then cytoskeletons were relaxed). After incubation of Triton X-100-insoluble cytoskeletons with biotinylated cytoplasmic proteins, the bound complex was washed and solubilized for two-dimensional (2-D) gel electrophoresis and blot analysis with HRP-conjugated Streptavidin (Amersham Pharmacia Biotech) in more than 10 separate experiments. We reproducibly found more than 10 major and several minor stretch-specific protein spots (Fig.  2, left) . After relaxation of the cytoskeletons, we found more than 10 major and several minor spots that were not found in the stretched samples (Fig. 2, right) . In a separate experiment, we found no difference in the binding of cytoplasmic proteins to cytoskeletons after incubation of cells for 16 h on an unstretched or prestretched (but unrelaxed) substrate (unpublished data), which indicated that prestretching the substrate had no effect. Thus, stretching or relaxing of a collagen substrate causes the reproducible binding of cytoplasmic proteins to Triton X-100-insoluble cytoskeletons.
Numerous controls were performed to test for binding of biotinylated proteins to the substratum or collagen, but the Figure 1 . Diagram of protocol for stretch-dependent binding of cytoplasmic proteins to Triton X-100-insoluble cytoskeletons. L-929 cells were cultured on a collagen-coated silicone substrate, and cytoskeletons were prepared by treating with 0.25% Triton X-100/ISO (ϩ) buffer for 2 min (as described in Materials and methods). Triton X-100-insoluble cytoskeletons were either left unstretched or stretched (or relaxed from prestretch) with ISO (ϩ) after washing three times. Then, the ISO (ϩ) buffer was replaced with the cytoplasmic lysate solution (as described in Materials and methods), incubated for 2 min at room temperature, and washed four times with ISO (ϩ) buffer. (Fig. 1) was solubilized with 1 ml of a rehydration buffer (8 M urea, 2% CHAPS, 20 mM DTT, 0.5% IPG buffer [Amersham Pharmacia Biotech] ) for isoelectrical focusing (the first dimension of 2-D gel electrophoresis). Immobiline dry strip (pH 4-7; Amersham Pharmacia Biotech) was rehydrated with 350 l of each sample and subjected to isoelectrical focusing followed by SDS-PAGE. Biotinylated cytoplasmic proteins in 2-D gels were visualized with affinity blotting using HRP-conjugated Streptavidin. Arrowheads mark the spots that were found specifically in Stretched or Relaxed.
pattern of stretch-specific spots was not repeated. Further, adhesion of the cells to the collagen substrate was necessary, since stretching of substrata when cells were not spread (for example, when cells were cultured on a noncoated silicone substrate) did not cause stretch-dependent binding. Interestingly, if the cells had reached confluence then stretching of a confluent monolayer of Triton X-100-insoluble cytoskeletons did not result in stretch-dependent binding (unpublished data). These results indicate that cell cytoskeleton-matrix linkages must be stretched to cause stretchdependent binding.
Since focal contacts grow in response to stretch , we tested if focal contact proteins would bind to the cytoskeletons in response to a 10% stretch of the cytoskeletons (Fig. 3 A) . To enable us to purify bound cytoplasmic proteins from Triton X-100-insoluble cytoskeletons, we labeled the cytoplasmic proteins with a photocleavable form of biotin (Olejnik et al., 1995) . Biotinylated proteins eluted from the cytoskeletons by high salt were bound to avidin beads, released by UV irradiation, and subjected to SDS-PAGE followed by immunoblot analysis. Using monospecific antibodies to paxillin, FAK, p130Cas, and vinculin, we reproducibly found increased binding of the first three to stretched cytoskeletons, but vinculin was not changed with cells on a collagen matrix (Fig. 3 B) . In addition, we also found stretch-dependent binding of PKB/Akt (King et al., 1997) . Interestingly, actin binding decreased by ‫ف‬ 50% ( n ϭ 5) in the samples from the stretched cytoskeletons (Fig. 3 B) . Since the binding of vinculin and actin remained constant or decreased, respectively, it is clear that stretch does not cause all focal contact proteins to bind to the cytoskeletons. Thus, we identified four focal contact or membrane-bound proteins, paxillin, FAK, p130Cas, and PKB/Akt, that bound to the cytoskeletons in a stretchdependent manner. Since paxillin, FAK, and p130Cas are known to form complexes (Harte et al., 1996; Bang et al., 2000; Yano et al., 2000) , we tested if these proteins formed a complex in our lysate. Although we observed coimmunoprecipitation of FAK and p130Cas, paxillin was not precipitated with either an antibody against FAK or p130Cas (unpublished data). Furthermore, neither FAK nor p130Cas was precipitated with an antipaxillin antibody (unpublished data). Therefore, it seems likely that three of the proteins (paxillin, Akt/PKB, and FAK-p130Cas complex) bind independently to the cytoskeletons.
Because green fluorescent protein (GFP) paxillin was reported to assemble at focal contact sites in response to force in some cell systems , we tested if paxillin would respond similarly in our system. After L-929 cells were transfected with GFP paxillin on a collagen-coated silicone substrate, there were relatively few focal contacts labeled with transfected GFP paxillin (Fig. 4 A, left) . However, when the cells were stretched biaxially (10% in each dimension) the GFP fluorescence at the focal contacts increased dramatically, particularly at the periphery of the cells (Fig. 4 A, middle) . Relaxation of the stretched cells resulted in the rapid ( Ͻ 2 min) loss of the peripheral GFP paxillin assembly (Fig. 4 A, right) . Immunocytochemical analysis showed that endogenous paxillin behaved similarly (Fig. 4  B) . This stretch-dependent paxillin accumulation was inhib- . Triton X-100-insoluble cytoskeletons on a collagen-coated silicone membrane (StageFlexer ® ; Flexcell International) were incubated with rhodamine-phalloidin (Molecular Probes) for 2 min, and washed three times with ISO (ϩ) buffer. Images were obtained with an Olympus BX50 microscope with a 60ϫ, 0.9 NA water immersion objective. Focus was adjusted to identify the peripheral margins (lower surface of cells), and images were obtained before stretch (Before stretch) and 5 min after stretch (Stretched). The diagonal lines show the length of the cell before stretch. (B) Western blots of focal contact proteins bound to unstretched and stretched cytoskeletons. L-929 cytoplasmic proteins tagged with a photocleavable biotin (NHS-PC-LC-biotin) were added to Triton X-100-insoluble cytoskeletons of L-929 cells on a stretchable silicone dish (Sawada et al., 2001) , and cytoskeletons were stretched or left unstretched (Fig. 1) . After washing, bound cytoplasmic proteins were eluted with 1 ml of 1 M NaCl in HYPO buffer (as described in Materials and methods), precipitated with avidin beads (immobilized neutravidin; Pierce Chemical Co.) after sevenfold dilution with HYPO buffer, and released from the bead complex by irradiation with 302 nm UV light (10 min). After photocleavage, proteins were eluted with 120 l of HYPO buffer, and 40 l of the sample was subjected to 10% SDS-PAGE followed by immunoblotting with antibodies to paxillin, FAK, p130Cas, PKB/Akt (Transduction Laboratories), vinculin (Upstate Biotechnology), or actin (Santa Cruz Biotechnology). Bar, 10 m.
ited by addition of a tyrosine phosphatase inhibitor, phenylarsine oxide (PAO; 20 M) (Stover et al., 1991) , whereas it was not inhibited by a tyrosine kinase inhibitor, genistein (100 M) (Akiyama et al., 1987) (Fig. 4 B) , implying that tyrosine dephosphorylation of some molecule(s) was required for assembly as seen in other systems (Choquet et al., 1997) .
Since GFP vinculin was also reported to assemble at the focal contact sites in a force-dependent manner Riveline et al., 2001) , we also examined the response of vinculin to the stretch. Consistent with the binding to the stretched cytoskeletons (Fig. 3 B) , we did not observe stretch-dependent accumulation at focal contact sites either of endogenous vinculin (Fig. 4 B) or of transfected GFP vinculin (unpublished data).
To test whether or not paxillin would bind to the stretched cytoskeletons in a location and manner similar to intact cells, we added cytoplasmic proteins from HEK 293 cells stably transfected with GFP paxillin (293-GFP-pax) (see Materials and methods). The GFP moiety enabled us to discriminate the added paxillin from the small amount of endogenous paxillin that remained in Triton X-100-insoluble cytoskeletons of L-929. After biaxial stretch, we found that GFP paxillin bound with a punctate distribution concentrated at the lower surface of the cells (Fig. 5 A, top) , which is similar to the distribution of endogenous paxillin binding in stretched intact cells (Fig. 4 B) . Using cytoplasmic proteins from HEK 293 cells stably transfected with GFP (no paxillin), we found that GFP alone did not bind to Triton X-100-insoluble cytoskeletons whether stretched or not (unpublished data). Therefore, the in vitro GFP paxillin binding to Triton X-100-insoluble cytoskeletons is analogous to in vivo stretch-dependent paxillin binding.
We tested if cell confluence, tyrosine phosphatase, or kinase inhibitors might influence the level of GFP paxillin binding to stretched cytoskeletons (GFP alone did not bind to stretched cytoskeletons). With subconfluent L-929 monolayers (4 ϫ 10 5 cells per dish), we observed stretchdependent GFP paxillin binding (Fig. 5 B) (cytoskeleton number as measured by histone H1 levels was constant), which was consistent with our microscopic observation (Fig. 5 A) . However, in confluent L-929 monolayers (1.2 ϫ 10 6 cells per dish) GFP paxillin did not bind to stretched Triton X-100-insoluble cytoskeletons (Fig. 5 B, bottom; note the increased amount of histone H1 in the four right lanes). Treatment of the cells with PAO before Triton extraction decreased the amount of GFP paxillin bound to the stretched cytoskeletons (Fig. 5, A, center, and B, top) , paxillin were cultured on collagencoated silicone membranes in a StageFlexer system. Cells were stretched by 10%, held for 5 min, and subsequently relaxed by allowing the stretched silicone membrane to return to its original size. GFP fluorescence was observed with an Olympus BX50 microscope using a 60ϫ, 0.9 NA water immersion objective before stretch (left), 2 min after stretch (middle), and 2 min after relaxation of stretch (right). Arrowheads indicate sites of GFP paxillin assembly dynamics: Before stretch, Stretched, and Relaxed from stretch. (B) Antipaxillin or antivinculin antibody distribution in L-929 cells cultured on silicone membranes was measured either for unstretched (top), stretched (for 2 min; bottom), stretched PAO treated (20 M, for 10 min), or stretched genistein treated (100 M, for 10 min) cells. Cells were fixed with 3.7% formaldehyde/PBS, permeabilized with 0.1% Triton X-100/PBS, and subjected to immunostaining using an antipaxillin or an antivinculin antibody. Stretched samples were relaxed after fixation. The rectangle in the inset (low magnification) indicates the area of each micrograph. Bars, 10 m.
whereas genistein caused an increase in the amount bound (Fig. 5, A and B, bottom) . Addition of PAO to lysates did not affect the stretch-dependent GFP paxillin binding even when another tyrosine phosphatase inhibitor, sodium orthovanadate (Na 3 VO 4 ; 1 mM), was added and DTT was excluded to ensure the inhibition of tyrosine phosphatase activity by PAO (Stover et al., 1991) (Fig. 5 B, center) . Furthermore, the lysates obtained from 293-GFP-pax cells pretreated with PAO showed equivalent stretch-dependent GFP paxillin binding to controls (unpublished data). Because PAO inhibition was only observed when L-929 cells were pretreated and GFP paxillin binding to cytoskeletons was ATP independent (unpublished data), the binding is likely to be independent of either protein kinase or phosphatase activity.
Cytoskeletons from PAO-treated cells could be stretched by at least twofold more than controls (unpublished data), indicating that they had decreased integrity. Early reinforcement of extracellular matrix linkages with the cytoskeleton is inhibited by PAO (Choquet et al., 1997 ). An expected result of PAO treatment of dynamic linkages (i.e., linkages that break and reform) would be a decrease in the strength of cytoskeleton-matrix linkages, since they could not reform. Treatment of the cytoskeletons with PAO did not cause any change in the Triton cytoskeleton integrity perhaps because of the lack of dynamics. Thus, cytoskeleton integrity appears to be important for stretch-dependent binding.
A decrease in cytoskeleton integrity would result in lower forces in the Triton cytoskeleton after stretch. Hence, it seems that force on the Triton cytoskeleton is critical for binding. Further, force on cytoskeleton-integrin-matrix linkages appears to be critical. When cells become confluent, the area of adherence to the matrix substrate is decreased and cell-cell contacts are increased. Thus, the loss of stretchdependent paxillin binding in confluent cells (Fig. 5 B) implicates the matrix-cytoskeleton linkage. We suggest that force on the collagen-integrin-cytoskeleton linkage causes protein or domain unfolding, which results in binding.
From the analysis of the biotinylated proteins that bind to the cytoskeletons, it is clear that a distinct subset of proteins binds to stretched cytoskeletons that is different from the proteins that bind to relaxed cytoskeletons. The limited number of proteins that bind in a specific manner is consistent with a selective binding process. Because we used an extracted cytoskeleton and a cytoplasm that had been manipulated (diluted, biotinylated, and column filtered), there may be additional components that bind in vivo to cytoskeletons. However, in these studies there is a close correspondence of Figure 5 . In vitro GFP paxillin binding to Triton X-100-insoluble cytoskeletons. (A) Triton X-100-insoluble cytoskeletons of L-929 cells in a StageFlexer system either unstretched (left) or stretched (10%; right) were incubated with 293-GFP-pax lysates (supplemented with 0.5 mM ATP, 2% BSA) for 2 min. After four washes with ISO ( ϩ ) buffer, the bound complex of cytoplasmic proteins and cytoskeletons ( Fig. 1) was fixed with 3.7% formaldehyde/ISO buffer. Stretched samples were relaxed after fixation, and the distribution of bound GFP paxillin was visualized with fluorescence microscopy (Olympus BX50 microscope with a 60 ϫ , 0.9 NA water immersion objective). PAO (20 M; center) or genistein (100 M; bottom) was added 10 min before permeabilization and stretching. (B) Triton X-100-insoluble cytoskeletons of L-929 cells in silicone dishes either unstretched or stretched by 10% were incubated with 293-GFP-pax lysates for 2 min. After four washes with ISO ( ϩ ) buffer, the bound complex of cytoplasmic proteins and cytoskeletons (Fig. 1) were solubilized with 500 l of SDS sample buffer (100 mM Tris-HCl, pH 6.8, 36% glycerol, 4% SDS, 10 mM DTT, 0.01% bromophenol blue). 50 l of each sample was subjected to SDS-PAGE followed by immunoblotting with antibodies to GFP (CLONTECH Laboratories, Inc.) and histone H1 (Santa Cruz Biotechnology, Inc.). PAO (20 M; top), genistein (100 M; bottom), or solvent (0.1% DMSO) was added 10 min before permeabilization and stretching. Triton X-100-insoluble cytoskeletons were prepared from 4 ϫ 10 5 cells per dish with the exception of the confluent culture (four right lanes on bottom) where 1.2 ϫ 10 6 cells per dish were used. Bar, 10 m.
the binding in vivo and in vitro. Stretch causes in vivo and in vitro binding of GFP paxillin to sites of maximum stress, and PAO treatment blocks that binding. Stretch-dependent binding is lost in cytoskeletons from confluent cells, which correlates with the in vivo loss of stretch-dependent activation of mitogen-activated protein kinases (Sawada et al., 2001 ) when the cells become confluent (unpublished data). Vinculin shows no change in stretch-dependent binding in vivo or in vitro under these conditions. Further, there must be collagen attachment for stretch-dependent binding. Thus, we suggest that stretch-dependent binding to the cytoskeleton represents the cellular mechanism of response to the stretch of collagen-cytoskeleton linkages. Force could be transduced into a biochemical signal through the localization of soluble proteins to focal sites on the cytoskeleton similar to the activation of many proteins by membrane binding, for example, PKC. Mechanical stresses on membranes caused by osmotic swelling (Viana et al., 2001) or fluid shear (Satlin et al., 2001) can activate membrane channels (stress channels), and substrate stretch could also affect ion movements. However, the stretch-dependent in vitro binding of focal contact proteins to the Triton cytoskeletons we observed is independent of ion currents. Thus, we show here that traction stresses on cytoskeleton-integrinextracellular matrix linkages cause the binding of focal contact proteins. We currently hypothesize that a major component of the in vivo mechanism for sensing sustained matrix forces involves the direct effects of force on the cytoskeleton, although ion currents could influence the response.
Force-dependent changes in cytoskeletal protein conformation through protein domain unfolding or conformation change could open new binding sites. For example, relatively low forces are needed to unfold spectrin, and the unfolding of fibronectin opens new binding sites (Ingham et al., 1997) . It is now critical to determine which proteins are altered in conformation by force on the cytoskeleton.
In the context of tissues, cells have to exert regulated levels of force on the extracellular matrix and adjacent cells. In cells in vitro, the level of applied force is critical for the survival of cells (Chen et al., 1997) and is linked to the activation of mitogen-activated protein kinase signaling pathways (MacKenna et al., 1998; Kippenberger et al., 2000; Sawada et al., 2001) . After transformation by tyrosine kinases such as v-Src, cells no longer require force generated on matrices to grow since they can grow on soft agar, which further indicates that tyrosine kinase/phosphatase pathways are involved in transducing matrix traction forces to biochemical changes. We suggest based upon these studies that one mechanism of sensing force is through force-dependent changes in the cytoskeleton network, which causes binding of cytoplasmic focal contact proteins and initiates intracellular signaling cascade(s).
Materials and methods

Cells, transfection, and plasmids
Mouse fibroblastic L-929 cells and HEK 293 cells were cultured in DME supplemented with 10% FBS at 37 Њ C, 5% CO 2 , and 100% humidity. Transfection was performed with FuGene 6 (Roche) according to the manufacturer's protocol. GFP paxillin expression vector, GFP vinculin expression vector, and those parent GFP expression vector (pRK-GFP) were provided by K. Yamada (National Institutes of Health, Bethesda, MD). To isolate cell lines stably expressing transfected GFP paxillin or GFP (without paxillin), pcDNA3 that carried a neomycin-resistant gene (Invitrogen) was cotransfected and clones were selected using G-418 (GIBCO BRL).
Triton X-100-insoluble cytoskeletons
L-929 cultures (subconfluent except in the experiments for Fig. 5 B) were plated on collagen-coated (type I; Sigma-Aldrich) silicone, either the StageFlexer system (Flexcell International) or the stretchable silicone dishes (Sawada et al., 2001) . Cells were washed once with ISO (isotonic) buffer (20 mM Hepes, pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 1 mM DTT, 4 mM MgCl 2 , 1 mM PMSF, 15 g/ml aprotinin), treated with 0.25% Triton X-100/ ISO ( ϩ ) buffer (ISO buffer supplemented with 0.5 mM ATP, 2% BSA) for 2 min and washed three times with ISO ( ϩ ) buffer (Fig. 1) .
Observation of stretch-dependent (GFP) paxillin assembly in intact cells
Subconfluent L-929 cells transiently transfected with GFP paxillin on the collagen-coated (type I) silicone membrane (Flexcell International) were stretched biaxially (10% in each dimension), sustained for 2 min, and the GFP fluorescence was observed by fluorescence microscopy. 5 min after stretch, the silicone substrate was relaxed to its original size, and the fluorescence was recorded. For endogenous paxillin measurements, L-929 cells cultured on silicone membranes were stretched likewise, sustained for 2 min, and fixed with 3.7% formaldehyde/PBS. After fixation, the cells on the silicone substrate were permeabilized with 0.1% Triton X-100/PBS, subjected to immunostaining using antipaxillin antibody (Transduction Laboratories) or antivinculin antibody (Upstate Biotechnology) and compared with cells that had been fixed before stretch.
Lysates from 293-GFP-pax cells or L-929 cells
HEK 293 cells stably transfected with GFP paxillin expression vector (293-GFP-pax cells) or L-929 cells were scraped off tissue culture plastic, washed twice with ISO buffer, resuspended 1:1.5 (packed cells:buffer) in HYPO (hypotonic) buffer (20 mM Hepes, pH 7.5, 0.5 mM EDTA, 1 mM DTT, 4 mM MgCl 2 , 1 mM PMSF, 15 g/ml aprotinin), homogenized, and cleared of cell debris and nuclei by centrifugation (2 ϫ 10 5 g , 30 min). The supernatant was filtrated using PD-10 column (Amersham Pharmacia Biotech) preequilibrated with ISO buffer. We usually prepared ‫ف‬ 7 ml of lysates containing ‫ف‬ 5 mg/ml cytoplasmic proteins from 4 ϫ 10 3 cm 2 of confluent culture.
Biotinylation of lysates from L-929 cells
After passage over the PD-10 column preequilibrated with ISO buffer, lysates from L-929 cells were incubated with NHS-biotin or NHS-PC-LC-biotin (100 g/ml) (Pierce Chemical Co.) for 2 h at 4 Њ C and then passed over a second PD-10 column preequilibrated with ISO buffer to remove unbound biotin.
